Post-Caledonian extension during orogenic collapse and Mesozoic rifting in the West Norway-northern North Sea region was accommodated by the formation and repeated reactivation of ductile shear zones and brittle faults. Offshore, the Late Palaeozoic-Mesozoic rift history is relatively well known; extension occurred mainly during two rift phases in the Permo-Triassic (Phase 1) and Mid-Late Jurassic (Phase 2). Normal faults in the northern North Sea, e.g., on the Horda Platform, in the East Shetland Basin and in the Viking Graben, were initiated or reactivated during both rift phases. Onshore, on the other hand, information on periods of tectonic activity is sparse as faults in crystalline basement rocks are difficult to date. K-Ar dating of illite that grows synkinematically in fine-grained fault rocks (gouge) can greatly help to determine the time of fault activity, and we apply the method to nine faults from the Bergen area. The K-Ar ages are complemented with X-ray diffraction analyses to determine the mineralogy, illite crystallinity and polytype composition of the samples. Based on these new data, four periods of onshore fault activity could be defined: (1) the earliest growth of fault-related illite in the Late Devonian-Early Carboniferous (>340 Ma) marks the waning stages of orogenic collapse; (2) widespread latest Carboniferous-Mid Permian (305-270 Ma) fault activity is interpreted as the onset of Phase 1 rifting, contemporaneous with rift-related volcanism in the central North Sea and Oslo Rift; (3) a Late Triassic-Early Jurassic (215-180 Ma) period of onshore fault activity postdates Phase 1 rifting and predates Phase 2 rifting and is currently poorly documented in offshore areas; and (4) Early Cretaceous (120-110 Ma) fault reactivation can be linked either to late Phase 2 North Sea rifting or to North Atlantic rifting.
Introduction
The Caledonian Orogeny was the last of several orogenies that shaped West Norway, and during its final Silurian to Early Devonian Scandian phase, Baltica and Avalonia collided with Laurentia (e.g., Cocks & Torsvik, 2006; Gee et al., 2008) . Large allochthonous nappes were thrust hundreds of kilometres onto Baltica as far eastwards as the Oslo region, and the Baltican basement was driven underneath Laurentia to depths of up to 200 km (van Roermund & Drury, 1998; van Roermund, 2009 ). The mountain range that resulted from the collision rivalled the modern-day Himalayas in length and height (Gee et Streule et al., 2010) . However, the Caledonian Orogen was topographically unstable, and as soon as contraction stopped, extensional tectonics took over and have repeatedly been dismembering the mountains and thinning the crust over the last 400 million years (Andersen, 1998; Fossen, 2000 Fossen, , 2010 Fossen et al., 2014) . Ductile shear zones and later brittle faults have played a crucial role during the decay of the mountain range and later rifting of the North Sea and North Atlantic (Fossen, 2000; Fossen et al., 2016) . Large fault systems that developed during orogenic collapse, for example the Hardangerfjord Shear Zone (HSZ in Fig.  1 ; Fossen & Hurich, 2005) , still influence the landscape of western Norway today. While the high-temperature processes of the Caledonian Orogeny and early orogenic collapse can be dated by a variety of geochronological methods such as U-Pb, Lu-Hf, Sm-Nd, K-Ar and Ar-Ar geochronology (e.g., Bingen et al., 2001; Fossen & Dunlap, 2006; Walsh et al., 2007; Bingen & Solli, 2009; Smit et al., 2010) , the multiphase Late Palaeozoic-Mesozoic rift history of West Norway is more difficult to constrain. The main rift structures are located offshore, but the tectonic evolution of onshore and offshore areas is strongly linked (e.g., Fossen et al., 2016) and needs to be considered as a cohesive system in order to understand western Norway's evolution from a high-standing Caledonian mountain range to the elevated rifted margin of today.
In the northern North Sea, extensive hydrocarbon exploration has resulted in a thorough knowledge of the post-Caledonian tectonic evolution of the offshore region. The large sedimentary basins of the northern North Sea (Fig. 1) formed during a two-stage rift history, with an initial, wide Permo-Triassic rifting followed by a Mid-Late Jurassic rift phase that was focused mainly in the Viking Graben (e.g., Badley et al., 1988; Gabrielsen et al., 1990; Steel & Ryseth, 1990; Faerseth, 1996; Bell et al., 2014) . In the Early Cretaceous, rifting was abandoned in most of the North Sea and instead became focused along the future North Atlantic, which experienced important rift stages in the Early Cretaceous, Mid Cretaceous and Palaeocene, culminating in continental breakup in the Early Eocene (Doré et al., 1999) . An abundance of highquality seismic data allows the mapping of offshore fault systems in detail. Owing to the well-preserved sedimentary record, movement along these faults can be constrained stratigraphically, showing many faults to have been active during both rift phases (e.g., Bell et al., 2014) .
Onshore, on the other hand, the post-Caledonian geological record is sparse. Western Norway is dissected by numerous faults (Figs. 1, 2 ), but these structures are generally hosted in crystalline basement rocks. Without stratigraphic markers, it can be difficult to determine the amount and even the sense of offset, let alone the time of fault activity. Thermochronological studies help to reconstruct cooling histories of basement rocks and reveal periods of uplift and erosion or sedimentary burial (Andriessen & Bos, 1986; Rohrman et al., 1995; Leighton, 2007; Johannessen et al., 2013; Ksienzyk et al., 2014) . Several of these studies (Leighton, 2007; Johannessen et al., 2013; Ksienzyk et al., 2014) show that the distribution of fission track and (U-Th)-He ages is strongly tectonically controlled and fault-bound blocks have distinct cooling histories from their neighbours, highlighting the significance of active fault tectonics throughout the Mesozoic. Nonetheless, only two faults with cohesive fault rocks (the Dalsfjord and Laerdal-Gjende faults) have been dated to be of Permian and Late Jurassic-Early Cretaceous age (Torsvik et al., 1992; Eide et al., 1997; Andersen et al., 1999) . Faults with incohesive fault rocks are generally assumed to be the youngest tectonic features, but have for a long time been difficult to date. Especially the fine-grained nature of synkinematically grown minerals and incomplete isotopic resetting of inherited minerals in low-temperature shallow crustal fault rocks have presented a challenge to the absolute dating approach. However, since Lyons & Snellenburg (1971) successfully applied K-Ar dating to fine fractions separated from fault gouge and thereby demonstrated the potential of the method, both K-Ar and Ar-Ar dating have been used to investigate faults from as young as Neogene (Haines & van der Pluijm, 2010; Zwingmann et al., 2010b) to as old as Neoproterozoic (Viola et al., 2013) . In this contribution we apply K-Ar geochronology of illite-bearing fine fractions from incohesive fault rocks to date faults from the Bergen area Fossen et al., 2016) . Abbreviations: HSZ -Hardangerfjord Shear Zone, LGF -Laerdal-Gjende Fault, MTFC -Møre-Trøndelag Fault Complex, NSDZ -Nordfjord-Sogn Detachment Zone, VG -Viking Graben, WGR -Western Gneiss Region. & Ragnhildstveit, 2008) . Both the Øygarden Complex and the western part of the Western Gneiss Region are characterised by pervasive Palaeozoic ductile deformation, much of which is related to west-vergent post-collisional extensional deformation (Fossen, 1993; Milnes et al., 1997) . The Caledonian nappe stack includes mainly the Lindås Nappe, Blåmanen Nappe and Hardangerfjord Nappe Complex. The Lindås Nappe is composed of a Mesoproterozoic-Neoproterozoic anorthosite-mangerite-charnockite-granite suite and granulite-facies gneisses of unknown Proterozoic age; both experienced Caledonian metamorphism, locally up to eclogite-facies conditions (e.g., Austrheim, 1987; Kühn et al., 2002) . The Blåmanen Nappe comprises Proterozoic plutonic rocks and a Mesoproterozoic-Neoproterozoic sedimentary cover and has a mainly Caledonian metamorphic overprint (Fossen, 1988; Fossen & Ragnhildstveit, 2008) . The Hardangerfjord with the aim to establish the main periods of onshore fault activity and investigate the temporal relationships between onshore and offshore tectonics.
Geological background
The area around Bergen is part of the Scandinavian Caledonides of West Norway (Fig. 1 ). Two main tectonic units can be distinguished, the Precambrian basement (Øygarden Complex and Western Gneiss Region) and a series of Caledonian nappes (Fig. 2) . The Øygarden Complex and Western Gneiss Region comprise predominantly Proterozoic gneisses and mafic to felsic plutonic rocks with minor metamorphosed supracrustal successions (Ragnhildstveit & Helliksen, 1997; Fossen Figure 2 . Simplified geological map showing the locations, orientations and fine-fraction ages of dated faults (this study), as well as other thermochronological data from the study area (Ksienzyk et al., 2014) . Ages in black bold letters are interpreted to date fault activity; ages in black regular letters are close to fault activity but affected by minor mixing with older or younger illite/muscovite; grey ages are interpreted as mixed or otherwise unexplained ages with little geological significance. Abbreviations: BASZ -Bergen Arc Shear Zone, BN -Blåmanen Nappe, BTU -Bergsdalen Tectonic Unit; HNC -Hardangerfjord Nappe Complex, LN -Lindås Nappe, WGR -Western Gneiss Region, ØC -Øygarden Complex. Nappe Complex forms the Major and Minor Bergen Arcs in the study area, which are predominantly composed of ophiolitic rocks of Early Ordovician age with minor Cambro-Silurian metasedimentary rocks and Proterozoic gneisses, all metamorphosed and juxtaposed during the Caledonian Orogeny (Ragnhildstveit & Helliksen, 1997; Fossen & Dunlap, 2006; Fossen & Ragnhildstveit, 2008) .
Late Silurian-Early Devonian Caledonian contractional deformation was closely followed by extension and orogenic collapse. The onset of extensional deformation in the Early Devonian (between 408 and 402 Ma) was marked by a backsliding of the Caledonian thrust nappes along the main basal décollement zone (Mode I extension; Fossen, 2000) . The low angle of the décollement zone soon made sliding unfeasible, and further extension was taken up by newly formed crustal-scale shear zones (Mode II extension; Fossen, 2000) , including the Nordfjord-Sogn Detachment Zone (NSDZ in Fig. 1 ; Andersen & Jamtveit, 1990; Andersen et al., 1999) and the Hardangerfjord Shear Zone (HSZ in Fig. 1 ; Fossen & Hurich, 2005) . In the study area, Mode II extension is represented by the Bergen Arc Shear Zone (BASZ in Fig. 2) , which is an arcuate, generally W-dipping structure that separates the Lindås Nappe and Major Bergen Arc from the Western Gneiss Region and Bergsdalen Tectonic Unit to the north and east (Wennberg et al., 1998) .
During the Devonian, cooling of the crust through the ductile-brittle transition allowed for the development of steep brittle faults (Mode III extension; Fossen, 2000) . Titanites that grew in fault-related fractures have been dated by U-Pb geochronology to be 396 Ma (Larsen et al., 2003) , which marks the onset of brittle deformation in the study area. Based on field relationships and characteristic mineralisation, Larsen et al. (2003) divided brittle faults in the Øygarden Complex into NE-SW-striking Set I fractures and mainly NNW-SSEstriking Set II fractures. Set I fractures are associated with epidote (+ quartz, chlorite, titanite and secondary calcite) mineralisation and show marked K-feldspar alteration in the host rock. They formed during the Mid to Late Devonian under NW-SE extension (Larsen et al., 2003) . Set II fractures show mainly calcite (+ quartz and chlorite) mineralisation and formed prior to or during Permian dyke intrusion under E-W extension (Fossen, 1998; Valle et al., 2002; Larsen et al., 2003) . Also many of the Mode II extensional ductile shear zones were reactivated as brittle faults during the Late Palaeozoic and Mesozoic, e.g., the Dalsfjord Fault (reactivating the Nordfjord-Sogn Detachment Zone; Torsvik et al., 1992; Eide et al., 1997) , the Laerdal-Gjende Fault (reactivating the Hardangerfjord Shear Zone; Andersen et al., 1999) and the Fensfjord Fault (reactivating the Bergen Arc Shear Zone; Wennberg & Milnes, 1994) . Faults with incohesive fault rocks have been described by several authors and are generally interpreted as the result of Mesozoic or younger fault reactivation (Fossen et al., 1997; Andersen et al., 1999; Larsen et al., 2003) but have so far not been dated in the study area.
Dating shallow crustal faults
Fault gouge is the material typically targeted for the dating of shallow crustal faults. It is an incohesive, finegrained (<30% visible fragments) fault rock, which may or may not be foliated (Sibson, 1977; Chester et al., 1985; Snoke & Tullis, 1998) . It is composed of finely crushed host-rock material as well as authigenic minerals (mostly phyllosilicates) that grew syn-or postkinematically in the fault (Vrolijk & van der Pluijm, 1999; Solum et al., 2005) . Illite is one of these newly grown minerals, and since illite fixes potassium in its crystal structure and can retain the radiogenic daughter product argon over many millions of years, it is amenable to radiometric dating by the K-Ar or Ar-Ar method (e.g., review by Clauer, 2013) . Depending on the mineralogy of the host rock and availability and chemistry of fluids, illite can grow by illitisation of smectite or dissolution and reprecipitation of pre-existing clays (in clay-bearing host rocks; e.g., Vrolijk & van der Pluijm, 1999; Solum et al., 2005; Haines & van der Pluijm, 2008) , by retrograde hydration reactions of feldspar and mica (mainly in crystalline host rocks; e.g., Zwingmann & Mancktelow, 2004; Siebel et al., 2010; Zwingmann et al., 2010b) or even by direct neocrystallisation from a fluid phase. The growth of illite during fault activity is promoted by a number of factors, including temperature (frictional heating and advective heating by hydrothermal fluids), grain comminution (increased surface area), strain (increase of crystal defects) and changes in fluid composition (mainly availability of potassium) and fluid/rock ratio (Vrolijk & van der Pluijm, 1999; Yan et al., 2001) .
Illite and temperature
Beyond its usefulness as a geochronometer, illite can also provide temperature information. This is best studied in pelitic rocks, where a continuous transformation from smectite to mixed-layer illite/smectite (I/S) to discrete illite and finally to muscovite records the reaction progress through diagenesis and low-grade metamorphism (e.g., Hunziker et al., 1986; Merriman & Peacor, 1999) . Three different parameters are temperature-sensitive:
(1) The illite crystallinity can be described by the Kübler index (KI; Kübler, 1964) , which is defined as the full width at half the maximum height (FWHM, measured in Δ°2θ) of the normalised 10 Å illite peak. The illite crystallinity is a measure of crystallite thickness, but is also influenced by structural distortion, e.g., dependent age spectra (e.g., Pluijm et al., 2001; Solum et al., 2005; Löbens et al., 2011; Bense et al., 2014; Torgersen et al., 2015) that have been explained by two main processes:
(1) Grain-size dependent Ar loss: K-Ar dating relies on closed-system behaviour, i.e., no loss or gain of potassium or argon, thus it is critical to determine the effects of temperature and grainsize dependent Ar loss for reliable age interpretation. The closure temperature of coarse-grained (100 µm) musco vite at cooling rates of 10°C/Ma is around 405°C at a pressure of 5 kbar (or 425°C at 10 kbar; Harrison et al., 2009 ). Based on the same diffusion parameters, Duvall et al. (2011) estimated the closure temperature of fine-grained muscovite (2-0.05 µm) to be 250-350°C. This is consistent with empirical studies based on present-day borehole temperatures and estimated palaeotemperatures, which consistently indicate closure temperatures >250°C for illite <2 µm (Hunziker et al., 1986; Wemmer & Ahrendt, 1997) . Importantly, these closure temperatures of >250°C suggest that illite in shallow crustal faults generally crystallises below the closure temperature of the K-Ar system, providing crystalli sation rather than cooling ages. In addition, during subsequent thermal episodes, quite significant reheating would be required to reset even the finest grain-size fractions. The short heating times of transient fault-related hydrothermal activity or frictional heating (as compared with the long-lasting temperature changes of regional metamorphism) make it even less likely that illite ages are reset unless temperatures significantly exceed the illite closure temperature (e.g., Zwingmann et al., 2010a; Torgersen et al., 2014) . Thus, age dispersion in faults has only in rare cases been explained by grain size-dependent thermal resetting (e.g., Uysal et al., 2006; Zwingmann et al., 2010a) .
(2) Mixing of different age components: Authigenic illite cannot mechanically be separated from other fine-grained minerals. Therefore, the K-Ar ages are bulk ages for the dated fine fractions, meaning that any K-bearing mineral present in the fine fractions will contribute to the age. Two main sources of 'contami nati on' must be considered: (1) Finely crushed host-rock minerals: They can be inherited from both sedimentary and crystalline host rocks (e.g., Vrolijk & van der Pluijm, 1999; Pluijm et al., 2001; Zwingmann et al., 2010b; Torgersen et al., 2014) . The finest fractions are generally less affected by, or even free from this type of contamination.
(2) Inherited illite from earlier fault activity: Faults can become reactivated, producing several generations of fault-related illite (e.g., Löbens et al., 2011; Rahl et al., 2011; Davids et al., 2013; Viola et al., 2013; Bense et al., 2014; Torgersen et al., 2014) . This is particularly relevant for faults in cooling basement terranes like West Norway, which can be repeatedly reactivated at lower and lower temperatures. Thus, high-temperature illite phases from earlier fault activity have the interlayering with expandable smectite (Eberl & Velde, 1989) . The KI is inversely correlated to the diagenetic-metamorphic grade, i.e., metamorphic muscovite has lower KI values than diagenetic illite. Based on the KI, Kübler (1967) Merriman & Frey, 1999) .
(2) Illite frequently occurs interlayered with smectite as I/S mixed-layer clays. The illite content in I/S is systematically increasing with burial depth, a process that is thought to be controlled mainly by temperature, but also reaction time and availability of potassium (Środoń & Eberl, 1984) . Borehole studies (e.g., Hower et al., 1976; Środoń & Eberl, 1984; Jennings & Thompson, 1986) show a consistent increase in illite (decrease in expandability) throughout early diagenesis. The illitisation of smec tite starts at temperatures of 40-70°C, the illite content in I/S has increased to 60-80% at around 100°C, and the illitisation of I/S is thought to be complete at around the anchizone-epizone boundary.
(3) Illite occurs as different polytypes, with mainly three polytypes found in nature: 1M d , 1M and 2M 1 (e.g., Środoń & Eberl, 1984; Grathoff & Moore, 1996) . Whether the two low-temperature 1M d and 1M polytypes are really distinct polytypes or endmembers of a single polytype is still controversial (e.g., Haines & van der Pluijm, 2008) and they are here summarised as a single 1M/1M d polytype. 1M/1M d is the only polytype that can grow in the diagenetic zone, and at increasing temperatures it is irreversibly converted into 2M 1 illite, which is the only polytype stable in the epizone (e.g., Merriman & Peacor, 1999) . In the anchizone, both polytypes can occur together.
Interpretation of inclined age spectra
In pelitic rocks, K-Ar fine-fraction ages are usually dependent on the grain size of the analysed fraction, sometimes referred to as inclined age spectra (Pevear, 1999) . This is generally attributed to mixing of predeposition detrital illite or muscovite, which dominates the coarser fractions, with post-deposition diagenetic illite, predominant in the finer fractions (e.g., Bailey et al., 1962; Hower et al., 1963; Pevear, 1992; Grathoff et al., 1998 Grathoff et al., , 2001 . Faults commonly exhibit similar grain size-potential to survive low-temperature reactivations.
The three main K-bearing mineral phases encountered in fault gouges are illite/muscovite, K-feldspar and hornblende. Older, inherited illite/ muscovite is often cited as the cause of age dispersion in faults, but can be difficult to distinguish from faultgrown illite; it might be identified by its different polytype composition or high illite crystallinity. In certain environments, fine-grained host-rock muscovite might also be isotopically reset at the time of faulting, resulting in fine-fraction ages that are independent of the content of inherited muscovite (Vrolijk & van der Pluijm, 1999; Zwingmann et al., 2010b) . Besides illite/muscovite, K-feldspar is relatively common in fault gouges, especially in crystalline host rocks. The potential effect of K-feldspar on fault gouge ages is complex. Several studies cite older, host rock-inherited K-feldspar as the cause of age dispersion (e.g., Zwingmann & Mancktelow, 2004; Sasseville et al., 2008 Sasseville et al., , 2012 Zwingmann et al., 2010a; Davids et al., 2013) . Other studies suggest isotopic resetting at the time of faulting (Zwingmann et al., 2010b; Viola et al., 2013) or K-feldspar neocrystallisation during fault activity and associated hydrothermal fluid circulation (Choo & Chang, 2000; Sasseville et al., 2008; Surace et al., 2011; Brockamp & Clauer, 2013; Torgersen et al., 2015) . Importantly, since fine-grained K-feldspar can have significantly lower closure temperatures (350-150°C, dependent on the diffusion domain size; Lovera et al., 1989 ) than illite/muscovite, it could potentially even lower the age of fine fractions in fault gouges (Löbens et al., 2011; Bense et al., 2014) , though no clear cases of this have been documented so far. The third mineral that has been observed to influence fault ages is hornblende (Torgersen et al., 2015) . With a closure temperature of approximately 500°C (McDougall & Harrison, 1999) , isotopic resetting of hornblende in lower crustal faults is extremely unlikely and has so far never been observed. K-feldspar and hornblende are easily detectable and can be quantified with standard XRD analyses; their potential effect on the fault gouge ages can be assessed by contamination modelling (Zwingmann et al., 2010b; Viola et al., 2013; Torgersen et al., 2015) .
Analytical details
Gouge-bearing faults are rarely exposed in the wet climate of West Norway, since the material is easily eroded to form valleys and fjords. The selection of sampling locations was therefore determined by the availability of suitable outcrops. In total, eleven samples were collected from nine different faults (Figs. 2, 3, 4; Table 1 ), and three grain-size fractions were dated per sample (except for sample BG-048 which yielded no fine fraction). Five faults are exposed in road cuts or quarries and four were encountered during the construction of tunnels. To minimise the effect of weathering in surface samples, any loose material and the outermost several centimetres to decimetres of the outcrop were removed before clay-rich material was collected from the core of the faults. Field descriptions and additional photographs can be found in Electronic Supplement 1.
The sample preparation and analyses were carried out at the Geoscience Centre, University of Göttingen (Germany), following the procedures described in Wemmer (1991) and Löbens et al. (2011) . Analytical details can be found in Electronic Supplement 2. Samples were separated into the grain-size fractions 2-6 µm (coarse) and <2 µm (medium) by differential settling in water. A fraction <0.2 µm (fine) was obtained by high-speed centrifugation. Both air-dried and ethylene glycol-solvated aliquots of each grain-size fraction were investigated by X-ray diffraction (XRD) analysis, in order to determine their mineralogy, illite crystallinity and polytype composition. Potassium contents were measured in duplicate by flame photometry and the argon isotopic compositions were analysed with a Thermo Scientific Argus VI mass spectrometer coupled to a Pyrex glass extraction and purification vacuum line. K-Ar ages were calculated using the decay constant of Steiger & Jäger (1977) .
Results and interpretation
Three grain-size fractions were analysed from all but one sample (BG-048) which yielded no fraction <0.2 µm. Potassium contents range from 0.93 to 8.02 wt.% K 2 O and radiogenic 40 Ar from 53.02 and 98.73%, indicating reliable analytical conditions for all samples (Table 2) . Seven grain-size fractions (from samples BG-045a, BG-045b, BG-048 and BT) were analysed in duplicate and show excellent reproducibility ( Table 2 ). The K-Ar ages range from 359 to 116 Ma (Table 2 ; Fig. 5 ) and generally decrease with decreasing grain size. The spread of ages within one sample can be considerable, ranging from 11 to 194 myr. However, with the exception of one fault (BT), most faults yielded either predominantly Mesozoic ages or mostly Palaeozoic ages and have been grouped accordingly ( Fig. 5 ). Based on their mineralogy, polytype composition and illite crystallinity, the age spectrum of each fault has been evaluated individually in order to determine the time(s) of fault activity.
Mesozoic faults
Four faults yielded predominantly Mesozoic ages, defining two periods of fault activity in the Late Triassic-Early Jurassic and in the Early Cretaceous:
from the centre of the fault and sample BG-045b closer towards the hanging wall ( Fig. 3A ). Both samples yielded gently inclined age spectra; the range of ages in each Døsjeneset, Sotra (BG-045a and BG-045b) Two samples were collected from two distinct clay gouge bands within a 1-2 m-wide fault core: sample BG-045a Small quarry opposite marina at Døsjeneset, Sotra; 7 m wide fault, 0.3-2 m wide fault core with breccia and fault gouge; dark grey clay gouge in thin layers and lenses within the brecciated fault core; footwall is strongly fractured.
KN1, KN2 (3)
Knappetunnelen 293700, 6697080 (2) 200/80 (WNW)
Granitic and amphibolitic gneisses of the Øygarden Complex
Fault in Knappetunnelen, approx. 1100 m from northern (Liavatnet) end; 20 m wide fault zone, 1-2m wide fault core with lenses of greenish clay gouge; two distinct slip surfaces: KN1 is close to the footwall with striations 20→214, KN2 is close to the hanging wall.
BG-115
Ytrebygdsvegen 293780, 6691400
138/54 (SW)
Meta-anorthosites of the Lindås Nappe Road cut at road junction Storrinden/Ytrebygdsvegen, approx. 300 m north of Kokstadvegen/Ytrebygdsvegen roundabout; 10-20 cm of greenish-grey clay gouge exposed at foot of outcrop; striations on fault plane plunge 20° towards the SSE. BT (6) Bjorøytunnelen 289380, 6694980 (2) 310/90 (2) Conglomerate of the Bjorøy Formation, granitic gneiss of the Øygarden Complex
BG-116
Fault zone in Bjorøytunnelen, approx. 900 m from southern (Bjorøy) entrance; 5-10 m wide fault zone with breccia and gouge; somewhat consolidated, brownish-grey fault gouge in cm-to dm-thick continuous bands.
(1)
Strike is determined using the right-hand rule, direction of dip in parentheses, (2) Approximate positions and orientations (from map). Samples provided by (3) E. Bastesen (UiB) and T. Kirkjeby (Statens Vegvesen), (4) H. Hauso (Statens Vegvesen), (5) J. B. A. Rasmussen (UiB, see Rasmussen (2013) for more information) and (6) H. Fossen (UiB, see Fossen et al. (1997) for more information). which corresponds to temperatures just below the diagenetic zone-anchizone boundary (150-200°C) . The predominance of the 1M/1M d polytype in both samples is consistent with these temperatures. However, the minor amount of 2M 1 illite/muscovite could not have grown under diagenetic conditions. It must have grown at higher temperatures and could be inherited from an earlier episode of faulting or from the host rock. The medium and fine fractions of sample BG-045a are free of 2M 1 illite/muscovite. They overlap in age, within their uncertainties, and give a mean age of 191 Ma, which we interpret as the best age estimate for the neocrystallisation of 1M/1M d illite in the fault. The slightly older ages of the coarse fraction of sample BG-045a and all fractions of sample BG-045b are attributed to minor contamination with the older 2M 1 illite/muscovite. The exact age of this older component is difficult to constrain, due to the small quantities of 2M 1 illite/muscovite, but it could be much older than the 1M/1M d illite, possibly as old as the muscovite cooling ages of the host rock. While no muscovite ages are available from the Øygarden Complex, Ar-Ar cooling ages from hornblende (408-404 Ma; higher closure temperature than muscovite) and biotite (401 Ma; lower closure temperature than muscovite) limit the expected host-rock muscovite cooling ages to 404-401 Ma (Boundy et al., 1996; .
Knappetunnelen (KN1 and KN2) Samples KN1 and KN2 were collected from two distinct, clay gouge-bearing slip planes along a 1-2 m-wide fault encountered during drilling of Knappetunnelen (Fig.  4) . Sample KN2 is characterised by a gently inclined age sample is less than 15 Ma and the total range of ages in both samples is less than 30 Ma (Fig. 5 ). Together, all ages could be taken as evidence of fault activity around the Triassic-Jurassic boundary. However, the mineralogy, polytype composition and illite crystallinity of the samples reveal more details.
Sample BG-045b gave Late Triassic to earliest Jurassic ages of 216 ± 6, 213 ± 5 and 200 ± 4 Ma for the coarse, medium and fine fractions, respectively. The sample is composed mainly of chlorite and discrete illite/muscovite, with minor I/S (20% illite) and traces of quartz (Table 2) . Illite/muscovite is predominantly of the 1M/1M d polytype. The 2M 1 polytype amounts to 11% in the coarse fraction and approximately 9% and 5% in the medium and fine fractions, respectively (details in Electronic Supplement 3). Sample BG-045a gave slightly younger, latest Triassic-Early Jurassic ages of 202 ± 4, 195 ± 4 and 187 ± 5 Ma for the coarse, medium and fine fractions, respectively ( Table  2 ). The sample contains mainly chlorite, with minor I/S (20% illite) and discrete illite/muscovite and traces of quartz and K-feldspar. XRD polytype identification shows the illite in the medium and fine fractions to be exclusively of the 1M/1M d polytype (details in Electronic Supplements 2, 3). The coarse fraction, on the other hand, probably contains small amounts (<10%) of 2M 1 illite/ muscovite, but an exact quantification is difficult due to the low content of illite/muscovite in the sample and strongly overlapping chlorite and K-feldspar peaks.
The KI values range from 0.42 to 0.52 Δ°2θ in BG-045b and from 0.44 to 0.51 Δ°2θ in BG-045a, Figure 5 . Age spectra of dated faults (age plotted against grain-size fraction). Box heights correspond to the analytical uncertainties (± 2σ). Filled symbols with black frame represent ages that are interpreted to correspond directly to fault activity; filled symbols without frame are ages close to the age of fault activity (affected by only minor contamination); empty symbols represent ages that are interpreted as mixed or otherwise unexplained ages. Green bars represent periods of fault activity (see also Fig. 6 ). Uncertainties are 1σ, calculated as the standard deviation of individual measurements from up to five polytype-specific illite peaks; (4) Kübler Index in Δ°2θ, KI a -air-dried, KI g -ethylene glycol-solvated, Aanchizone, D -diagenetic zone; (5) Ar* -radiogenic argon, STP -standard temperature and pressure conditions; (6) Ages have been sorted into three categories: A -age directly corresponds to fault activity; B -age is close to the age of fault activity but affected by minor contamination, can be a max. age (contamination with older inherited material) or a min. age (affected by minor fault reactivation); C -age is a mixed or otherwise uncertain age. Table 2 . Continued spectrum with Early Jurassic ages ( Fig 5) . The coarse and medium fractions overlap in age (199 ± 5 and 194 ± 5 Ma) and are mineralogically very similar: They are both composed mainly of discrete illite/muscovite and chlorite, with only traces of I/S and quartz ( Sample KN1 gave significantly younger, Late Jurassic to Early Cretaceous ages of 159 ± 2, 127 ± 5 and 116 ± 3 Ma for the coarse, medium and fine fractions, respectively ( Fig. 5 ; Table 2 ). The sample is also mineralogically different, being dominated by I/S (25-30% illite). The coarse fraction additionally contains quartz and minor discrete illite/muscovite, chlorite and K-feldspar. The medium fraction contains traces of these minerals, while the fine fraction only contains traces of discrete illite/ muscovite and chlorite. The KI values of the medium and fine fractions are >1 Δ°2θ and suggest therefore temperatures corresponding to the early diagenetic zone (<100°C), which is consistent with the predominance of smectite-rich I/S. The KI value of the coarse fraction is lower (0.72 Δ°2θ), which would correspond to higher temperatures (deep diagenetic zone, 100-200°C).
Taking both samples together, these data document two periods of fault activity (Fig. 6) : The coarse and medium fractions of KN2 contain almost exclusively discrete illite/ muscovite as the K-bearing phase; only traces of I/S are present. Their ages overlap within errors and we interpret these ages to date a first period of illite neocrystallisation in the fault in the earliest Jurassic, at temperatures above 200°C and producing relatively coarse-grained discrete illite. The medium and fine fractions of KN1, on the other hand, are strongly dominated by I/S and contain only traces of discrete illite. They also gave similar ages that should be close to the age of pure I/S. The fine fraction is the least contaminated by discrete illite and is also free of additional K-feldspar. Its Early Cretaceous age (116 Ma) is therefore interpreted as the best age estimate for a period of fault reactivation at much lower temperatures (<100°C), producing mostly fine-grained I/S. The coarse fraction of KN1 and fine fraction of KN2 both contain a mixture of first-generation discrete illite and second-generation I/S; their ages are consequently interpreted as mixed ages. Fault reactivation seems to have localised along the slip plane represented by KN1 and even the fine fraction of KN2 is still mostly dominated by discrete illite and therefore close to the age of the first period of fault activity.
Ytrebygdsvegen (BG-115) and Terminalvegen (BG-116)
The faults sampled along Ytrebygdsvegen (BG-115; Fig. 3B ) and Terminalvegen (BG-116; Fig. 3C ) are both hosted in meta-anorthositic rocks of the Lindås Nappe. The samples are mineralogically similar ( . Most likely, the 2M 1 polytype represents the high-temperature discrete illite/muscovite, while the 1M/1M d polytype is present as illite in I/S. Due to very low illite contents in the medium and fine fractions, polytype analyses were not attempted. In sample BG-116, the determination of polytypes was prevented by the low illite/muscovite contents, as well as the presence of both plagioclase and epidote, which cause significant peak interference.
Altogether, there is clear evidence of mixing between an older high-temperature illite/muscovite and a younger low-temperature I/S component in both samples, which is reflected by their wider age ranges of 70 Ma (BG-115) and 45 Ma (BG-116; Fig. 5 ). In both samples, the fine fraction is the least contaminated, with only trace amounts of the high-temperature, discrete illite/ muscovite, and is thought to approximate the growth of the low-temperature, smectite-rich I/S during fault activity. The fine fraction of sample BG-115 yielded an Early Cretaceous age of 139 ± 2 Ma. The age has to be considered as a maximum age for I/S growth, though, since a small amount of discrete illite/muscovite is still present, and, with a much higher K-concentration than the illite-poor I/S, even this minor contamination can have an effect on the age (Fig. 6) . The fault might discrete 2M 1 illite/muscovite component (approx. 30%). However, due to the additional presence of significant amounts of 1M/1M d illite in I/S also in this size fraction, the Late Triassic age has to be considered a minimum age for the crystallisation of 2M 1 illite/muscovite. The illite/ muscovite might indeed be much older, either grown during an earlier period of fault activity or inherited have been active at the same time as the fault in Knappetunnelen (KN1), in the Early Cretaceous. The coarse and medium fractions gave Late Triassic and Early Jurassic ages of 208 ± 3 and 180 ± 3 Ma, respectively. The age of the medium fraction is interpreted as a mixed age without geological significance. The coarse fraction contains the largest amount of the high-temperature Boundy et al. (1996) , Fossen & Dallmeyer (1998) , ; (2) Larsen et al. (2003) ; (3) Andriessen & Bos (1986) , Leighton (2007) , R. Kumar, pers. comm. (2010) ; (4) Ksienzyk et al. (2014) ; (5) Faerseth et al. (1976) , Løvlie & Mitchell (1982) , Fossen & Dunlap (1999) , Torsvik et al. (1997) ; (6) Fossen et al. (1997) ; (7) , ; (8) , 1993 , , Pedersen et al. (1995) , Dahlgren et al. (1996 Dahlgren et al. ( , 1998 , Corfu & Dahlgren (2008) ; (9) Viola et al. (2016) ; (10) Torgersen et al. (2015) , (11) Torsvik et al. (1992) , Eide et al. (1997) ; (12) Andersen et al. (1999) . LGF* (12) NSDZ* (11) KSM* (10) GF* (9) Late Cretaceous or younger reactivation (11, 12) North Sea Rift phase 1 Bjorøy Fm. (6) Zr (U-Th)-He (4) Zr fission track (3) Titanite U-Pb* (2) Kf + epidote Rb-Sr* (2) Triassic dykes* (5) Permian dykes (5) Oslo rift* (8) Bt K-Ar, 40 (4) tT-paths based on K-feldspar multiple diffusion domain modelling (7) Mesozoic faults 
Silurian Devonian
from the host rock. The high crystallinity (low KI) of the discrete illite/muscovite seems to favour the latter and relatively coarse muscovite flakes can be observed on foliation planes in the meta-anorthositic host rock (Electronic Supplement 1). Muscovites from the Lindås Nappe have been dated to be Silurian (c. 430 Ma; Boundy et al., 1996; .
Without any polytype information, the interpretation of the age spectrum of sample BG-116 is even more speculative. The fine grain-size fraction of BG-116 yielded a Late Triassic age of 218 ± 3 Ma. With only trace amounts of the older discrete illite/muscovite present, this age should be close to the age of I/S growth in the fault, but again has to be interpreted as a maximum age. Fault activity might have been contemporaneous with the Late Triassic-Early Jurassic faults at Døsjeneset (BG-045a, b) and in Knappetunnelen (KN2). The Permo-Triassic ages (263 ± 4 and 234 ± 4 Ma) of the medium and coarse size fractions are most likely mixed ages without much geological significance. Considering the very high crystallinity (low KI) of the illite/muscovite in the coarse fraction and the overall similarities with BG-115, the discrete illite/muscovite might well have been inherited from the Lindås Nappe host rocks.
Palaeozoic faults
Four faults gave mostly Palaeozoic ages, defining fault activity in the latest Carboniferous-Permian and the onset of fault-related illite crystallisation in the Early Carboniferous.
Olsvik Båthavn (BG-110)
For sample BG-110 (Fig. 3D ) the age trend is reversed, as the coarse fraction gave the youngest, Late Jurassic, age of 150 ± 2 Ma (Fig. 5) . The Permian ages for the medium and fine fractions overlap within their uncertainties at 278 ± 4 and 285 ± 5 Ma, respectively. Mineralogically, the sample is strongly dominated by smectite (Table  2) . Discrete illite is present in the medium and fine fractions, but was not found in the coarse fraction. All size fractions further contain minor/trace amounts of chlorite, and the coarse fraction includes traces of K-feldspar and Fe-oxide-hydroxides. The sample yielded KI values of 0.77 to 0.81 Δ°2θ, indicative of temperatures corresponding to the late diagenetic zone (100-200°C). The overlapping Early Permian ages of the medium and fine fractions are interpreted as the age of illite crystallisation in the fault (Fig. 6 ). Smectite should be mostly converted to illite at temperatures above 100°C, thus the large amount of smectite in the sample might indicate a later reactivation at temperatures too low for illite to grow and therefore undatable. The Late Jurassic age of the coarse fraction is somewhat enigmatic. Though it contains no illite, its K-concentration is similar to that of the finer fractions, suggesting that most of the potassium might come from the K-feldspar, and the age is essentially a K-feldspar age. Fine-grained K-feldspar has a potentially lower closure temperature (350-150°C; Lovera et al., 1989) than illite/muscovite (425-250°C; Harrison et al., 2009; Duvall et al., 2011) and could therefore be reset at lower temperatures, yielding younger ages. However, this requires fault activity at temperatures exceeding the closure temperature of K-feldspar; the temperatures indicated by the high KI values of the sample (100-200°C) are barely high enough and hostrock temperatures in the Late Jurassic were well below the closure temperature of K-feldspar (Rohrman et al., 1995; Ksienzyk et al., 2014) . Alternatively, synkinematic authigenesis of K-feldspar has been documented in faults in southern Norway (Torgersen et al., 2015) and might also have occurred here. In either case, the age of the coarse fraction might be interpreted as the maximum age for a Late Jurassic or younger reactivation of the fault, which produced authigenic K-feldspar and abundant smectite.
Espelandstunnelen (BG-048)
A sample from a fault in Espelandstunnelen did not yield a grain-size fraction <0.2 µm. The medium and coarse fractions gave Early-Mid Permian ages of 270 ± 7 and 293 ± 8 Ma, respectively ( Fig. 5; Table 2 ). Mineralogically, the sample is strongly dominated by smectite, with moderate to minor discrete illite/muscovite, minor chlorite and traces of K-feldspar and plagioclase. The KI values (0.26 Δ°2θ) correspond to the high anchizone (250-300°C). The polytype composition was analysed and both 2M 1 and 1M/1M d polytypes are present but interference with smectite and feldspar peaks makes their exact quantification impossible. 2M 1 is clearly the dominant polytype (approximately 70%) in the coarse fraction, while the medium fraction contains roughly equal amounts of the 1M/1M d and 2M 1 polytypes (details in Electronic Supplement 3). The coexistence of 2M 1 and 1M/1M d polytypes is possible in the anchizone; thus, both polytypes could have grown during a single episode of Permian fault activity. Alternatively, both could be mixed ages, between an older (Carboniferous?) generation of 2M1 illite/muscovite and a younger (Triassic?) generation of 1M/1Md illite. The difference in age for the two size fractions is not much greater than their combined uncertainties, and the lack of a fine fraction could be used as an argument against Early Mesozoic fault reactivation. Based on this, we cautiously interpreted the Early-Mid Permian ages of this sample as illite growth during (or at least close to) fault activity at this time (Fig. 6) . The abundance of smectite in the sample suggests a later reactivation of the fault at low temperatures, which did not produce illite and can therefore not be dated by the K-Ar method.
Bjørsvik (BG-134)
The fault in Bjørsvik (Fig. 3E ) seems to exploit a relatively weak layer of garnet-mica schist in otherwise finegrained granitic (mylonitic) gneisses. The abundance of mica in the immediate host rock increases the risk of contamination of the fault gouge with inherited muscovite. Mineralogically, all three size fractions are composed of discrete illite/muscovite and chlorite. Additionally, traces of K-feldspar are present in the coarse and medium fractions. Both polytypes are present, with 48, 42 and 38% 2M 1 in the coarse, medium and fine fractions, respectively (details in Electronic Supplement 3). Remarkably, the sample yielded an essentially flat age spectrum with ages of 304 ± 5, 293 ± 4 and 301 ± 5 Ma for the coarse, medium and fine fractions, respectively ( Fig. 5; Table 2 ). The ages are overlapping within their uncertainties and are independent of % 2M 1 ; we interpret them as a single period of fault activity in latest Carboniferous-earliest Permian times (Fig. 6) . Thus, muscovite that might have been incorporated from the host rock is either completely recrystallised or has been isotopically reset. The KI value of the coarse fraction is 0.2 Δ°2θ, suggesting temperatures higher than 300°C. This is in agreement with crystallisation of 2M 1 illite/ muscovite but higher than host-rock temperatures indicated by independent thermochronological studies ( Fig. 5 ; . Additional heat might have been provided by frictional heating or circulation of hydrothermal fluids during fault activity. The higher KI values of the medium and fine fraction (0.32 and 0.42 Δ°2θ, respectively) track rapid cooling back to host-rock temperatures following this temperature spike. They correspond to the low anchizone where the 1M/1M d polytype is stable. While both 2M 1 illite/muscovite and 1M/1M d illite grew during the same faulting episode and have almost the same age, the 2M 1 illite/muscovite most likely grew at high temperatures during the initial thermal spike, while the 1M/1M d illite grew slightly later when the system had cooled again sufficiently.
Grønnevikstunnelen (GT)
A 0.5 m-wide clay zone was sampled in Grønnevikstunnelen (Rasmussen, 2013) . The main component of the sample is discrete illite/muscovite (Table 2) . However, various other minerals are present in minor to trace amounts, namely chlorite, smectite-rich I/S, quartz, K-feldspar, plagioclase and hornblende. The amount of I/S is increasing with decreasing grain size, while the amount of chlorite and the non-clay phases is generally decreasing. KI values of 0.33-0.59 Δ°2θ place the sample in the low-anchizone to late-diagenetic zone and at temperatures of 100-250°C. The sample yielded Early Carboniferous to Early Permian ages of 340 ± 4 Ma, 316 ± 3 Ma and 288 ± 3 Ma for the coarse, medium and fine fractions, respectively (Fig. 5) . These relatively old ages raise the question as to whether the illite/muscovite in the sample is fault-related or at least partly inherited from the wall rock. The illite crystallinity is much lower (KI values are much higher) than would be expected for inherited host-rock muscovite, even for the coarsest fraction. Consequently, we interpret the age of the coarse fraction in this sample as a minimum age for the earliest fault-related illite crystallisation in the area in Early Carboniferous times (Fig. 6) . A comparison with other samples strengthens this interpretation: all samples for which considerable host rock contamination is suspected (BG-115, BG-116, BT) are characterised by much higher illite crystallinities (low KI values), as would be expected for muscovite from crystalline rocks. The Early Permian age of the fine fraction is interpreted as a maximum age for fault reactivation, most likely contemporaneous with faults on Sotra (BG-110) and in the Lindås area (BG-048).
Bjorøytunnelen (BT): Palaeozoic-Mesozoic ages
A sample from Bjorøytunnelen shows by far the largest spread in ages of almost 200 myr ( Fig. 5 ; Table 2 ). The coarse fraction yielded a latest Devonian-earliest Carboni ferous age of 359 ± 16 Ma. The medium fraction is Mid Triassic in age at 241 ± 8 Ma, and the fine fraction gave a Mid Jurassic age of 166 ± 5 Ma. The main component of all three size fractions is kaolinite, with minor discrete illite/muscovite, mixed-layer I/S and traces of sulphide minerals. I/S peaks are poorly developed, so the 50-60% illite in I/S should be taken as a rough estimate. Both polytypes are present with 32, 26 and 23% 2M 1 in the coarse, medium and fine fractions, respectively, although the large amount of kaolinite makes polytype quantification difficult and also these values should be taken as estimates (details in Electronic Supplement 3). The KI values range from 0.22 Δ°2θ for the coarse fraction to 0.27 and 0.34 Δ°2θ for the medium and fine fractions, respectively, suggesting generally high temperatures from >300°C to 200°C (epizoneanchizone). However, the presence of I/S indicates illite growth at much lower temperatures (<100°C). The steeply inclined age spectrum and coexistence of hightemperature (epizone), discrete, 2M1 illite/muscovite with low-temperature (diagenetic) I/S suggest mixing of at least two generations of illite/muscovite. However, the relatively narrow range of % 2M1 cannot account for the wide range of ages unless the old end member is much older than the 408-401 Ma hornblende and biotite cooling ages for the Øygarden Complex host rocks (Boundy et al., 1996; . A simple two end-member mixing model can therefore not be applied to this sample and we consider it very likely that more than two generations of illite/muscovite are present. Based on the low KI value of the coarse fraction, the oldest illite/muscovite in the sample might well be inherited from the host rock. Both discrete 2M 1 and 1M/1M d illite might have grown during Late Palaeozoic-Early Mesozoic fault activity. The youngest fault reactivation caused growth of low-temperature I/S, but due to mixing with ~23% 2M 1 illite/muscovite, the fine fraction can only give a maximum age for this event (Fig. 6) . Thus, the illite data indicate fault reactivation in the Late Jurassic or younger, which is consistent with Oxfordian (157.3-163.5 Ma) sedimentary rocks that were caught up in the fault zone (Fossen et al., 1997) .
Discussion
Four periods of fault activity have been identified from the dataset presented here (Fig. 6): (1) the onset of faultrelated illite crystallisation in Late Devonian-Early Carboniferous times (>340 Ma), (2) widespread fault activity in the latest Carboniferous-Mid Permian (305-270 Ma), (3) a significant period of Late Triassic-Early Jurassic faulting (215-180 Ma) and finally (4) Early Cretaceous fault reactivation . Placing these in the context of the post-Caledonian history of western Norway shows a generally good agreement with interpretations derived from other methods and a clear interaction between offshore and onshore processes.
Devonian-Early Carboniferous: extensional collapse of Caledonian crust
Post-Caledonian exhumation to upper crustal depths is well documented in the study area by K-Ar and Ar-Ar hornblende, muscovite and biotite ages (Fig. 6) . Locally, these thermochronometers record pre-Scandian (455-430 Ma) metamorphism and cooling, for example in the Lindås Nappe (Boundy et al., 1996; ; however, the majority of ages are late-to post-Caledonian. Hornblende ages, indicating cooling through 500°C (e.g., McDougall & Harrison, 1999) , range from 410 to 395 Ma (Boundy et al., 1996; . Muscovite and biotite ages (cooling below 425°C (muscovite) and 350-300°C (biotite); McDougall & Harrison, 1999; Harrison et al., 2009 ) fall between 415-395 Ma (Fossen & Dallmeyer, 1998; . East of the study area, mica ages have been divided into an older group representing Scandian thrusting and a larger, younger group (404-395 Ma) representing post-Caledonian extension and cooling . The transition from Caledonian contraction to post-Caledonian extension happened quickly within a few million years. The similarities in post-Caledonian cooling ages between hornblende and mica thermochronometers indicate extensional collapse and rapid cooling from temperatures around or above 500°C to below 300°C immediately following the Caledonian Orogeny. Modelling of Ar-Ar K-feldspar data ) also suggests initial fast cooling to temperatures around 300°C in the early-middle Devonian, followed by a period of stability or slow cooling from Mid Devonian to Late Carboniferous times (380-300 Ma; Fig. 6 ).
While the initial stages of extension were accommodated by backsliding along the basal décollement zone and later development of large extensional shear zones (Mode I and II extension; Fossen, 2000) , rapid cooling soon allowed for the formation of brittle deformation structures. The oldest brittle deformation is documented by a Mid Devonian (396 Ma) U-Pb age of titanite grown in fault-related fractures in the Øygarden Complex and Bergen Arc System (Larsen et al., 2003) . These faults belong to the Set I fractures of Larsen et al. (2003) that formed under NW-SE extension and semiductile to semibrittle conditions. Rb-Sr two-point isochron ages of epidote and alkali feldspar from hydrothermal alteration around Set I fractures range from 370 to 360 Ma, indicating that Set I faulting, or at least hydrothermal circulation along Set I faults, was still active in the Late Devonian (Larsen et al., 2003) . The absence of Early-Mid Devonian illite ages suggests that temperatures at this time were still too high to allow the formation of fault gouge. The oldest illite age that we interpret as a minimum age for faultrelated illite crystallisation is Early Carboniferous (340 Ma; coarse fraction of sample GT). Early Carboniferous (355-350 Ma) illite ages have also been reported from the Goddo Fault, south of our study area (Viola et al., 2016) . These illite data suggest that brittle deformation continued during the waning stages of orogenic collapse into the Late Devonian-Early Carboniferous.
Late Carboniferous-Permian: magmatism and rifting
The Late Carboniferous-Permian was a period of widespread rifting and locally intense magmatism in northern Europe (e.g., Neumann et al., 2004) . In southern Norway, the Oslo Rift developed during this time (Neumann et al., 1992 Larsen et al., 2008) . The oldest sedimentary rocks associated with the Oslo Rift, the Asker Group, were deposited during the initial rift stage in the upper Pennsylvanian (Eagar, 1994; Olaussen et al., 1994) . Magmatic activity associated with rifting has been dated by the Rb-Sr method at 300-240 Ma (Fig. 5 ; , 1993 . However, more reliable U-Pb data ranging from 300 to 277 Ma (Pedersen et al., 1995; Dahlgren et al., 1996 Dahlgren et al., , 1998 Corfu & Dahlgren, 2008) suggest that magmatism may have been shorter lived. Fault activity during the waning stages of magmatism (270-260 Ma) has been documented by K-Ar fault gouge geochronology on the western flank of the Oslo Rift (Torgersen et al., 2015) .
In the North Sea, Early Triassic rifting is well documented, but the onset of rifting is poorly constrained (Badley et al., 1988; Gabrielsen et al., 1990; Steel & Ryseth, 1990; Roberts et al., 1995; Faerseth, 1996; Odinsen et al., 2000) . In the central North Sea, volcanism associated with rifting has been dated at 300-260 Ma (Stemmerik et al., 2000; , i.e., contemporaneous with volcanism in the Oslo Rift. In the northern North Sea, synrift volcanic rocks have not yet been discovered. While many authors argue for a Permian age of rift initiation (e.g., Gabrielsen et al., 1990; Steel & Ryseth, 1990; Faerseth, 1996) , both Early Triassic (Roberts et al., 1995; Lepercq & Gaulier, 1996) and Permo-Carboniferous ages (Pascal & Cloetingh, 2002; have been suggested. zones, namely the Laerdal-Gjende Fault System and the Nordfjord-Sogn Detachment Zone, has been dated both palaeomagnetically and by Ar-Ar analyses of cataclasites (Torsvik et al., 1992; Eide et al., 1997; Andersen et al., 1999) .
Collectively, previously published and new data confirm that large parts of onshore western Norway were affected by extensional tectonics during the latest Carboniferous and Permian, generally supporting an early onset of rifting in the northern North Sea, contemporaneous with rift-related volcanism in the central North Sea and the Oslo Rift.
Triassic-Early Jurassic: differential uplift and erosion
Thermal modelling based on apatite fission track and apatite (U-Th)-He ages suggests that cooling rates remained relatively high (2-3°C/Ma) throughout the Triassic and Early Jurassic, followed by much slower cooling (<1°C/Ma) in the Late Jurassic and Cretaceous (Rohrman et al., 1995; Leighton, 2007; Ksienzyk et al., 2014) . The Triassic-Early Jurassic cooling is generally interpreted as continued rift flank erosion following Permo-Triassic North Sea rifting. Recent thermochronological studies have shown that the In onshore western Norway, evidence of increased tectonic activity in the Permian is widespread and includes:
(1) Increased cooling rates: Modelling of Ar-Ar K-feldspar data indicates accelerated cooling from 300 to 250 Ma during which temperatures decreased on average by 80°C , corresponding to a removal of several kilometres of overburden (2-4 km, assuming a geothermal gradient between 20 and 40°C). This period of increased cooling is also reflected in zircon fission track (320-230 Ma; Andriessen & Bos, 1986; Leighton, 2007; R. Kumar, pers. comm., 2010) and zircon (U-Th)-He data (310-215 Ma; Ksienzyk et al., 2014) which record cooling through approximately 220°C and 170°C, respectively (Fig. 6 ).
(2) Magmatic activity: The coastal regions of western Norway were intruded by coast-parallel dykes during a regime of E(NE)-W(SW) extension (Fossen, 1998; Valle et al., 2002) . K-Ar, Ar-Ar and palaeomagnetic age determinations indicate two pulses of dyke intrusion (Faerseth et al., 1976; Løvlie & Mitchell, 1982; Torsvik et al., 1997; Fossen & Dunlap, 1999) . The older group is Permian (270-250 Ma; Fig. 6) in age, and a relationship with the formation of the Oslo Rift and the North Sea rift system has been suggested (Faerseth et al., 1976 (Faerseth et al., , 1995 Fossen & Dunlap, 1999; Valle et al., 2002) .
(3) Fault activity: Field evidence shows that there was fault activity both before and after the intrusion of the Permian dykes (Faerseth et al., 1976; Fossen, 1998; Valle et al., 2002) . On Sotra, Set II faults of Larsen et al. (2003) tend to strike parallel to the dykes and, at one locality, one of the dykes underwent cataclastic deformation. Based on these relationships it has been suggested that Set II fractures, which reflect a similar extension direction as the dykes, are associated with dyke intrusion in the Permian (Fossen, 1998; Larsen et al., 2003) . This is consistent with the Ar-Ar age spectrum of altered K-feldspar from the alteration zone along a fault in the Øygarden Complex, which was interpreted to date fault-related hydrothermal alteration around 250 Ma (Fossen et al., 2016) . The Permian age of sample BG-110, collected from one of the NNW-SSEstriking Set II faults on Sotra also corroborates this interpretation. Three other faults that yielded latest Carboniferous to Mid Permian ages (305-270 Ma; BG-048, BG-134 and GT) show similar orientations (strike between NNW-SSE and NW-SE; Fig. 7) , in general agreement with the extension direction at this time. Also the Goddo Fault, a NNW-SSE-striking fault south of our study area, shows major illite authigenesis during E-W extension in the Permian (290-260 Ma; Viola et al., 2016) . Additionally, Late Permian brittle reactivation of large Devonian shear distribution of apatite fission track and (U-Th)-He ages is tectonically controlled, i.e., that ages are offset across faults, and fault-bound blocks have cooling histories that are distinctly different from their neighbours (Leighton, 2007; Ksienzyk et al., 2014) . Differential uplift of faultbound blocks and movement along the faults separating these blocks must therefore have occurred throughout at least the Early-Mid Mesozoic. Similar findings have previously been reported from the Møre-Trøndelag Fault Complex farther to the north (Redfield et al., 2004 (Redfield et al., , 2005 .
K-Ar fine fraction ages from three faults in the Bergen area (BG-045, BG-116, KN2) now confirm an Early Meso zoic (215-170 Ma) period of fault activity (Fig. 6) . The Late Triassic additionally saw a second pulse of dyke intrusion in the coastal areas of southwestern Norway, dated by K-Ar and Ar-Ar analyses at 230-210 Ma (Faerseth et al., 1976; Fossen & Dunlap, 1999) . The dykes are preferentially coast-parallel and their opening modes suggest that they intruded during continued E-W extension (Fossen, 1998; Valle et al., 2002) . The Jurassic faults dated here strike between NNE-SSW and ENE-WSW ( Fig. 7) , which would be more consistent with NW-SE extension; this direction might represent a local trend, though. Farther south, the NNW-SSE-striking Goddo Fault preserves evidence of fault reactivation during E-W extension, associated with synkinematic illite growth in the earliest Jurassic (200 Ma; Viola et al., 2016) . In southern Norway, N-S-striking faults show significant fault activity in the Late Triassic (210-200 Ma; Torgersen et al., 2015) . Both of these studies highlight the significance of this event over wide areas of southern and western Norway. This Late Triassic-Early Jurassic episode of onshore fault activity falls in a time interval that has, in offshore areas, traditionally been regarded as a period of relative tectonic quiesc ence. Onshore faulting clearly postdates Permo-Triassic (Phase 1) rifting and predates Late Jurassic (Phase 2) rifting (Fig. 6) . Accounts of inter-rift tectonic activity offshore have long been limited to 'mild Late Triassic stretching' accompanied by increased fault activity (Gabrielsen et al., 1990) and 'more active intrabasinal tectonics' during the deposition of a Rhaetian-Sinemurian postrift mega sequence (Steel & Ryseth, 1990) . Recent studies based on offshore seismic data, however, document significant Late Triassic-Early Jurassic inter-rift fault activity along several faults in the northern North Sea (Oseberg area and northern Utsira High; Refvem, 2016; Deng et al., in review) .
Mid Jurassic-Palaeogene: renewed rifting and eventual breakup
A second rift phase in the northern North Sea during the Mid-Late Jurassic was strongly focused in the Viking Graben (e.g., Faerseth, 1996) , thus affecting onshore tectonics to a lesser degree. Thermal modelling based on apatite fission track and (U-Th)-He data indicates significantly slower cooling rates since the Mid Jurassic, or even minor sedimentary burial of the coastal regions (Ksienzyk et al., 2014) . At some time during the Late Jurassic to Early Cretaceous, the stress field for the North Sea region changed from E-W extension to NW-SE extension (Bell et al., 2014 , and references therein) and active rifting shifted from the mostly N-S-oriented Viking Graben to the NE-SW-oriented future North Atlantic, culminating in the Early Eocene in continental breakup (Doré et al., 1999) .
While Late Jurassic fault activity is documented in onshore western Norway, it seems to be less pronounced than during Permian rifting. The discovery of tectonically disturbed Late Jurassic sedimentary rocks in a fault zone in Bjorøytunnelen near Bergen (the Bjorøy Formation; Fossen et al., 1997) indicates fault activity postdating the Oxfordian (163.5-157.3 Ma) deposition age. Jurassic sedimentary strata some 20 km west of the present coastline were also affected by faulting in the Late Jurassic (Fossen, 1998) . The sample from the fault in Bjorøytunnelen (sample BT) shows signs of repeated fault reactivation and possibly inheritance from the host rocks. These complexities prevent us from obtaining a precise age for the fault. However, a late Mid Jurassic (166 Ma) maximum age for the last period of fault-related illite crystallisation is consistent with Late Jurassic fault activity. Other than this somewhat uncertain age from the fault in Bjorøytunnelen, no illite ages directly correlate to the second North Sea rift phase (Fig. 6 ). However, Late Jurassic-Early Cretaceous fault reactivation has been reported from the Laerdal-Gjende Fault System and Nordfjord-Sogn Detachment Zone farther north (Torsvik et al., 1992; Eide et al., 1997; Andersen et al., 1999) .
Two of the faults dated here (BG-115, KN1) define an even younger, Early Cretaceous period of onshore fault activity. Similar Early Cretaceous (125-120 Ma) illite ages were found in a NNE-SSW-striking fracture zone on Goddo Island, south of our study area (Viola et al., 2016) and are interpreted as a period of dilation, fluid infiltration and associated host-rock alteration. Bell et al. (2014) describe an eastward migration of fault reactivation during Phase 2 rifting, with the faults closest to the Viking Graben being reactivated first and those farther away from the rift axis later. It is thus possible that fault reactivation only reached onshore Norway during the Mid-Early Cretaceous. Alternatively, these younger faults could be related to Cretaceous rifting in the future North Atlantic. No isotopic signature of the Eocene opening of the North Atlantic has so far been recognised in the study area. However, the Laerdal-Gjende Fault farther to the northeast yielded ages as young as Early Palaeocene (Ksienzyk, 2012; Fossen et al., 2016) .
One reason for the relative dearth of documented onshore fault activity contemporaneous with Late Jurassic (Phase 2) North Sea rifting and Eocene continental breakup is certainly the rift geometry. Rifting in the Late Jurassic was much more focused along the offshore Viking Graben than earlier Phase 1 rifting (e.g., Faerseth, 1996;  that we interpret as fault-related (coarse fraction in sample GT) gave an Early Carboniferous minimum age of 340 Ma. Similar Early Carboniferous illite ages were also found in the Goddo Fault farther south (Viola et al., 2016) . Thermal modelling based on Ar-Ar K-feldspar multiple diffusion domain analyses suggests temperatures in the range of 250-300°C at this time, corresponding to depths of 8-10 km (Fig. 8) . Illite crystallinity (KI) values corresponding to the anchizone (200-300°C) are generally in agreement with these temperature estimates.
In latest Carboniferous-Mid Permian (305-270 Ma) time, Ar-Ar K-feldspar multiple diffusion domain modelling indicates cooling of the basement from 250-300°C to about 150°C (corresponding to 8-10 and 5 km depth, respectively). Faults that were active during this time period (BG-048, BG-110, BG-134, reactivation of GT) mostly yielded KI values corresponding to the anchizone (200-300°C) or late diagenetic zone (100-200°C) and plot on the general cooling path of their host rocks (Fig. 8 ). An exception is the coarse fraction of sample BG-134 with KI values corresponding to the epizone (>300°C). The excess temperatures required for the growth of the coarse and well crystallised illite in this sample might be explained by either frictional heating or circulation of hot fluids early during fault activity. The fault cooled quickly back to ambient host-rock temperatures as is evident from the higher KI values of the only slightly younger medium and fine fractions. Odinsen et al., 2000) ; thus, onshore faults might have experienced only relatively minor reactivation. A second contributing factor might be the limitations of the dating method. By Late Jurassic times, basement rocks in western Norway had cooled to well below 100°C (Fig. 6; Rohrman et al., 1995; Leighton, 2007; Ksienzyk et al., 2014) , making illite authigenesis in faults more difficult and possibly dependent on additional heating by friction of hydrothermal circulation during faulting. Some faults (KN1, BG-115) clearly still produced illite (in I/S) at least until the Early Cretaceous. Many other faults, on the other hand, contain abundant smectite or very smectiterich I/S in addition to the higher-temperature discrete illite phases. Smectite is present in tunnel samples as well as surface samples, making a weathering origin unlikely; this smectite most likely grew during fault reactivation. Several faults might thus have been active during either Phase 2 North Sea rifting or the North Atlantic opening without producing datable clay minerals.
Temperatures during fault gouge formation
Most depictions of fault zones at depth show fault gouge as a fault rock restricted to the uppermost crust (1-4 km; e.g., Sibson, 1977) , corresponding to temperatures below 120°C (assuming an average geothermal gradient of 30°C/km). Yet many of the faults dated here were active in the Palaeozoic and Early Mesozoic, when the basement rocks that host them still remained at significantly higher temperatures (Figs. 6, 8) . The earliest illite generation Figure 8 . General cooling path of the study area (grey swath, time vs. temperature, based on the thermochronological data accumulated in Fig. 6 ) and illite crystallinity of the dated fault gouge fine fractions (coloured symbols, age vs. KI values). Green bars represent periods of fault activity. The illite crystallinity is not linearly correlated with temperature and the illite crystallinity scale has been adjusted so that KI values for illite crystallinity zone boundaries line up with the corresponding temperatures for these boundaries. Note the scale change at 0.42 Δ°2θ. KI values plotting on the host-rock cooling path suggest fault activity at ambient host-rock temperatures. KI values plotting below the host-rock cooling path indicate higher temperatures in the fault during illite growth than in the surrounding basement rocks. Some faults (smaller symbols) show contamination by host-rock muscovite and their (much too low) KI values are not representative of the illite grown in the fault. In the Late Triassic-Early Jurassic (215-180 Ma), thermal modelling based on apatite fission track and (U-Th)-He data (Ksienzyk et al., 2014) suggests hostrock temperatures between 50 and 150°C (1.7-5 km).
The KI values from the faults that were active during this time mostly plot around the anchizone-diagenetic zone boundary (around 200°C) or even in the anchizone (medium and coarse fraction KN2), thus indicating somewhat higher temperatures (Fig. 8) . The higher temperatures preserved in our fault gouge clays are likely due to frictional heating or convection of hydrothermal fluids in the faults.
Finally, in the Late Jurassic-Early Cretaceous, hostrock temperatures below 60°C (<2 km; Ksienzyk et al., 2014) make the growth of discrete illite significantly more difficult and I/S becomes the datable mineral in the youngest faults. Accordingly, KI values for sample KN1 suggest early diagenetic conditions (<100°C). The difficulty to grow illite at such low temperatures might also explain the relative scarcity of dated fault activity at this time.
Three samples (BG-115, BG-116, BT) show considerable contamination with high-grade muscovite from the host rock. Their 10 Å illite/muscovite peaks are composite peaks of this inherited muscovite and fault-grown illite or I/S. Their KI values cannot be considered to be representative of either generation of illite/muscovite but are generally low, being dominated by the sharp peaks of the inherited host-rock muscovite. Indeed, the smectiterich nature of the fault-grown I/S in the samples BG-115 and BG-116 rather suggests temperatures below 100°C, which are in agreement with the general cooling path of the host rocks (Fig. 8 ).
In summary, KI values from fault rocks are not always representative of temperatures in the host rock. Temperature estimates can be much too high when the samples are contaminated with muscovite from metamorphic or magmatic host rocks, or when faults experienced additional heating due to friction or hydrothermal fluid convection. However, fault gouge seems to form at much higher temperatures and greater depths than what is generally assumed. This observation is not limited to western Norway; based on polytype composition (the presence of authigenic 2M 1 illite) and illite crystallinity, a number of studies have documented illite crystallisation in fault gouges under temperature conditions corresponding to at least the anchizone (>200°C), for example in northern Norway (Davids et al., 2013; Torgersen et al., 2014) , Finland (Viola et al., 2013) , the Alps (Zwingmann & Mancktelow, 2004; Zwingmann et al., 2010b; Surace et al., 2011; Pleuger et al., 2012) , Argentina (Löbens et al., 2011; Bense et al., 2014) and South Korea (Zwingmann et al., 2011) . It appears that the temperature range at which fault gouges form might need to be re-evaluated.
Conclusions
Tectonic activity onshore western Norway occurred episodically since the Devonian. Four periods of fault movement have been identified: the earliest faultrelated illite crystallisation in the Late Devonian-Early Carboniferous (>340 Ma), significant fault activity in the latest Carboniferous-Mid Permian (305-270 Ma) and Late Triassic-Early Jurassic (215-180 Ma) and local fault reactivation in the Early Cretaceous (120-110 Ma). Onshore and offshore tectonics are clearly linked. Widespread Early Permian faulting in onshore West Norway supports an Early Permian rift initiation in the North Sea at roughly the same time as the onset of rift-related volcanism in the central North Sea and the Oslo Rift. The significant Late Triassic-Early Jurassic episode of onshore fault activity is either significantly less pronounced in offshore areas or has so far been poorly documented; recent studies based on offshore seismic data point toward the latter. Early Cretaceous fault activity onshore seems to lag somewhat behind Late Jurassic (Phase 2) rifting in the North Sea or might be correlated with Early Cretaceous North Atlantic rifting.
